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ABSTRACT
Fluoxetine is used to improve cognition, exercise ability, depression, and neurological functions in 
patients with cerebral ischemic stroke. Circular RNAs (circRNAs) play important regulatory roles in 
multiple diseases. However, studies regarding the fluoxetine-mediated circRNA–microRNA–mes-
senger RNA (mRNA) axis have not been conducted. This study is aim to investigate the functions 
of fluoxetine and identification of fluoxetine-mediated circRNAs and mRNAs in cerebral ischemic 
stroke. The middle cerebral artery occlusion (MCAO) rat models were successfully established at 
fisrt, and then rats were intraperitoneally injected with 10-mg/kg fluoxetine hydrochloride for 14 
d. Afterward, the cerebral infarction area was evaluated using triphenyltetrazolium chloride 
staining. High-throughput sequencing was adopted to screen the differential circRNAs and 
mRNAs. The candidate circRNAs, mRNAs, and potential microRNAs were verified using quantita-
tive reverse transcriptase polymerase chain reaction (qRT-PCR). In addtion, microRNA and circRNA 
binding was verified using the dual-luciferase reporter assay. Results revealed that fluoxetine 
markedly diminished the cerebral infarction area in rats after MCAO. The circRNAs and mRNAs 
were differentially expressed, which includes 879 circRNAs and 815 mRNAs between sham and 
MCAO groups, respectively, and 958 circRNAs and 838 mRNAs between MCAO and fluoxetine 
groups, respectively. In which, circMap2k1 and Pidd1 expression was significantly increased in the 
MCAO group but suppressed after fluoxetine treatment. Moreover, circMap2k1 directly binds with 
miR-135b-5p. Taken together, we verified that fluoxetine could improve brain injury after cerebral 
ischemic stroke. Moreover, the circMap2k1/miR-135b-5p/Pidd1 axis is potentially involved in 
cerebral ischemic stroke.
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Highlights

(1) Fluoxetine improve brain injury after cere-
bral ischemic stroke.

(2) The circMap2k1 directly binds with miR- 
135b-5p.

(3) Fluoxetine regulates circMap2k1/miR-135b- 
5p/Pidd1 axis in cerebral ischemic stroke.
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1. Introduction

Ischemic stroke is a type of clinical syndrome that 
causes irreversible damage and results in ischemic 
hypoxic necrosis of local tissues and correspond-
ing neurological defects caused by a blood supply 
disorder in the brain [1]. Ischemic stroke is char-
acterized by the sudden and focal loss of nerve 
functions [2]. The main clinical symptoms of 
ischemic stroke include sudden fainting, lateral 
appendage numbness accompanied by distortion 
of the commissure, aphasia, and hemiplegia, and 
these symptoms may be life-threatening [3,4]. 
Presently, the incidence, disability, and recurrence 
rates of ischemic stroke is increasing globally; it 
has become the third leading cause of death in the 
world [5]. Studies have confirmed that ischemic 
stroke is a chronic non-communicable disease 
caused by interacting multiple environmental and 
genetic factors, and its pathogenesis is complex 
[6,7]. Currently, statins and aspirin are good sec-
ondary prevention drugs against ischemic stroke 
[8,9]. These drugs have a single target and can 
only act on a specific aspect in the pathogenesis 
of ischemic stroke. Moreover, they can only reduce 
the recurrence rate by approximately 15% [10]. 
Therefore, an in-depth discussion of its risk factors 
and pathogenesis is necessary to diagnose, treat, 
and prevent ischemic stroke.

Fluoxetine, a selective 5-hydroxytriptamine 
(5-HT) reuptake inhibitor, is commonly marketed 
as fluoxetine hydrochloride [11]. In the past, fluox-
etine was clinically used as an antidepressant [12]. 
A study showed that fluoxetine is mainly used to 
treat depression by inhibiting the reuptake of 
5-HT by synaptic cells, thereby increasing extra-
cellular 5-HT levels [13]. Recent studies have also 
verified that fluoxetine can promote neuron regen-
eration and nerve function recovery [14,15]. 
Fluoxetine has also been reported to have various 
pharmacological effects, including antitumor, anti- 
inflammatory, antioxidant, and antiplatelet aggre-
gation activities [16,17]. Currently, several studies 
have demonstrated the vital roles of fluoxetine in 
ischemic stroke, such as stroke recurrence [18], 
neurological prognosis [19], motor recovery [20], 
and neurogenesis [21]. However, the regulatory 
genes and mechanisms behind fluoxetine’s role in 
ischemic stroke have rarely been reported.

Circular RNAs (circRNAs), a class of non- 
coding RNAs, are closed circular structures with-
out 5� end caps and 3� end poly-A tails [22]. 
CircRNAs are not easily degraded by the RNase 
exonuclease, and their structures are more stable 
than those of linear RNA [23], allowing circRNAs 
to be stably expressed in various biological cells 
and tissues [24]. Studies have also shown that 
circRNAs play important regulatory roles in multi-
ple diseases, such as cardiovascular [25,26], neuro-
logical [27,28], tumoral diseases [23,29], and 
autoimmune diseases [30]. Presently, numerous 
studies have reported that most circRNAs are rele-
vant to cerebral ischemia–reperfusion injury 
[31,32]. MicroRNAs (miRNAs) are small non- 
coding RNAs with an intracellular length of 
approximately 22 bp that participate in many 
important biological processes, such as cell prolif-
eration, differentiation, apoptosis, and metabolism 
[33,34]. Studies showed that miR-211 and miR-22 
inhibited cerebral ischemia/reperfusion injury by 
decreasing cell apoptosis [35,36]. Moreover, 
circRNAs, an endogenous competitive RNA 
(ceRNA), play sponge adsorption roles on 
miRNAs and weaken the inhibitory effect of 
miRNAs on their target genes [37,38]. The 
circRNA–miRNA–messenger RNA (mRNA) axis 
has also been proven to significantly contribute 
to numerous biological processes, including cell 
differentiation, proliferation, apoptosis, metastasis, 
and angiogenesis [39,40]. In conclusion, circRNA– 
miRNA–mRNA axis may also participate in the 
development of fluoxetine-mediated ischemic 
stroke.

Therefore, this study is aim to explore the func-
tions of fluoxetine and identification of fluoxetine- 
mediated circRNAs and mRNAs in cerebral 
ischemic stroke to find a new circRNA–miRNA– 
mRNA axis involved in the progression of fluox-
etine treated ischemic stroke. The function of 
fluoxetine was evaluated by neurological function 
score and triphenyltetrazolium chloride (TTC) 
stainning. Then, the characterization of the expres-
sion profiles of fluoxetine-related circRNAs and 
mRNAs were investigated using RNA sequencing. 
Furthermore, the expression of candidate 
circRNAs, mRNAs, and potential binding 
miRNAs and the binding of circRNA and 
miRNA were verified. This study provides basic 
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data for further research on the biological func-
tions and mechanisms of circRNAs and transcrip-
tome genes affecting the occurrence of cerebral 
ischemic stroke, and also provides a new insight 
into the molecular mechanism of fluoxetine- 
mediated ischemic stroke.

2. Materials and methods

2.1. Animal

Healthy male Sprague–Dawley (SD) rats weighing 
200 ± 20 g were provided by the Guangdong 
Medical Laboratory Animal Center. The 21 SD 
rats were randomly divided into three groups, 
with seven rats in each group. The animals grew 
under natural conditions during the experiment, 
with the temperature set to 21°C–24°C and 
humidity at 50%–70%. This animal experiment 
was conducted according to the Animal 
Experiment Ethics Committee of Jinan University.

2.2. Establishment of the MCAO model

The MCAO rat models were established following 
the Zea-Longa method [41]. All SD rats fasted for 
8 h before the operation, after which the SD rats 
were anesthetized using an intraperitoneal injec-
tion of 2% sodium pentobarbital (2 mL/kg, cat. no. 
57–33-0, Chemical book, China). SD rats were 
fixed on their back against the operating table, 
and the skin was cut along the middle of the 
neck. The right common carotid artery (CCA), 
external carotid artery (ECA), and internal carotid 
artery (ICA) were fully exposed under 
a microscope. The proximal end of the CCA and 
distal end of the ECA and ICA was ligated in turn, 
and the proximal end of the CCA was bifurcated 
with an artery clamp. Then, the nylon threads 
were inserted from the ECA through the ICA 
until it reached the middle cerebral artery 
(MCA). After the MCA was blocked for 2 h, the 
nylon threads were removed, and reperfusion was 
performed for 14 d. In the sham group, only the 
arteries were separated, and no nylon threads were 
inserted. In the fluoxetine treatment group, after 
pulling out the nylon threads for 30 min, the rats 
after MCAO were intraperitoneally injected with 

10-mg/kg fluoxetine hydrochloride once daily for 
14 d.

2.3. Neurological function score

The Zea-Longa scoring criteria were used as fol-
lows: 0 – normal without neurological impair-
ment; 1 – the left forepaw cannot be fully 
extended; 2 – turns to the left when walking; 3 – 
inclines to the left when walking; 4 – inability to 
walk spontaneously and exhibits loss of conscious-
ness. The higher the score, the more severe the 
animal behavior disorder. Before the SD rats in 
each group were sacrificed, their neurological 
function was scored, and the MCAO model was 
considered successful if the rat scores were .2.

2.4. TTC staining

The SD rats in each group were fully anesthetized 
using an intraperitoneal injection of 2% sodium 
pentobarbital. After sacrifice, complete brain tissue 
was taken. After rinsing with cold saline, the brain 
tissue was frozen at −20°C for 10 min. Afterward, 
the brain tissue was sliced into 2-mm thick sec-
tions, and the sections were placed in 2% TTC 
solution (Sigma, St. Louis, MO, USA) at 37°C 
away from light for 20 min. After complete stain-
ing, the image information was collected using 
a digital camera.

2.5. RNA sequencing

The circRNA and mRNA sequencing were com-
pleted at Novogene Bioinformatics Technology 
Co. Ltd. (Beijing, China). In this study, total 
RNA was extracted from the infarcted tissue sam-
ples of the sham, MCAO model, and fluoxetine 
treatment groups using TRIzol (Invitrogen, CA, 
USA). NanoDrop ND-1000 (Thermo Fisher 
Scientific, Waltham, MA, USA) was used to eval-
uate the integrity and concentration of the RNA 
samples. Ribosomal RNA (rRNA) was removed 
using Ribo-zero rRNA Removal Kit (Epicenter, 
Madison, WI, USA). The linear RNA was removed 
using RNase R (Sigma) for circRNA sequencing. 
Then, libraries were constructed according to the 
instruction of NEBNext Ultra RNA Library Prep 
Kit for Illumina (NEB, USA). For mRNA 
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sequencing, NEBNext Ultra II Directional RNA 
Library Prep Kit for Illumina (NEB) was used to 
establish libraries following the kit’s protocol. The 
circRNA and mRNA libraries were used to per-
form sequencing on the Illumina Hieq 4000 plat-
form (Illumina, CA, USA).

2.6. Bioinformatic analysis

The R package was used to process quantile nor-
malization and analyze the differentially expressed 
circRNAs and mRNAs. The circRNAs and 
mRNAs with log2f°ld change > 2 and P< 0.05 were 
considered as differentially expressed. Following 
guidelines set by previous studies [42], the differ-
ential expression of the circRNAs and mRNAs 
among the samples were shown using heat and 
volcano map. Based on previous studies [43], the 
Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analyses for differ-
ential expression of mRNAs were performed using 
the KOBAS v.2.0 v (http://kobas.cbi.pku.edu.cn/).

2.7. Construction of circRNA–miRNA–mRNA 
regulation network

The differential circRNA parent gene involved in 
the NF-κB (nuclear factor kappa B) signaling path-
way was selected. Then, six circRNAs were 
obtained using the following criteria: (1) 
circRNAs length between 450 and 2000 bp, (2) 
differential circRNAs with human homology, (3) 
parental genes not located on sex chromosomes, 
(4) upregulated in the MCAO group compared 
with those in the sham group; and downregulated 
in the fluoxetine treatment group compared with 
that in the MCAO group. According to the pre-
diction in RegRNA2.0 (http://regrna2.mbc.nctu. 
edu.tw/), the circRNA–miRNA–mRNA regulation 
network was constructed using Cytoscape 
software.

2.8. Polymerase chain reaction (PCR) and 
quantitative reverse transcriptase polymerase 
chain reaction (qRT-PCR) assays

The total RNA was extracted from the infarcted 
tissue samples in each group, and then was 
subjected to reverse transcription using the 

First Strand cDNA Synthesis Kit (TaKaRa, 
Tokyo, Japan). Divergent and convergent pri-
mers were used for PCR amplification, and 
agarose gel electrophoresis was performed. 
Sanger sequencing was also conducted on the 
amplified products of divergent primers to ver-
ify the circular structure of circHipk3, 
circMap2k1, circSipa1l1, and circNav3. 
Furthermore, circHipk3, circMap2k1, 
circSipa1l1, circNav3, Cd40 (CD40 molecule), 
Pidd1 (P53-induced death domain protein 1), 
Il1b (interleukin 1 beta), LBP (lipopolysacchar-
ide binding protein), rno-miR-18a-5p, rno-miR 
-135b-5p, rno-miR-135a-5p, and rno-miR-141- 
5p expressions were verified by qRT-PCR using 
SYBR Green qPCR Super Mix (Invitrogen, 
Carlsbad, CA, USA). GAPDH (glyceraldehyde- 
3-phosphate dehydrogenase) was used as the 
internal reference gene for circRNAs and 
mRNAs, and U6 was used as the internal refer-
ence gene of miRNAs. The sequences of pri-
mers used in this study are shown in Table 1.

2.9. Bioinformatics prediction and 
dual-luciferase reporter assay

We used TargetScan (http://www.targetscan. 
org/vert_72/) to predict the binding site of rno- 
miR-135b-5p and circMap2k1. To verify the 
binding of circMap2k1 to rno-miR-135b-5p, 
wild-type (WT) or mutant (MUT) circMap2k1 
fragments were constructed and inserted into 
pmirGLO vector (Promega, Madison, WI, 
USA). We used the Lipofectamine 3000 reagent 
(Thermo Fisher Scientific) to transfect WT (or 
MUT or pmirGLO) vectors and miR-135b-5p 
mimics (or mimics negative control (mimics 
NC)) into 293 T cells, according to the manu-
facturer’s instruction. After 24 h, cells were 
collected, and dual-luciferase reporter 
(Promega) was used to measure the luciferase 
activity.

2.10. Statistical analysis

All experiments were repeated at least three times, 
and the data are shown as mean ± standard devia-
tion. Quantitative data in this study were evaluated 
using the SPSS v.23.0 (Chicago, IL, USA). 
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Furthermore, differences between the two were 
analyzed using Student’s t-test. Analysis of var-
iance was used to compare the difference in three 
or more groups, followed by Dunnett post-hoc 
test. P < 0.05 was used to denote statistical 
significance.

3. Results

The circRNA–miRNA–mRNA axis significantly 
contributes to numerous biological processes. 
However, studies regarding the fluoxetine- 
mediated circRNA–miRNA–mRNA axis in 

ischemic stroke have not been conducted. This 
study investigated whether there is a circRNA– 
miRNA–mRNA axis regulated by fluoxetine in 
ischemic stroke. We established MCAO in rats 
followed by fluoxetine treatment. Then, we further 
elucidated the expression profiles of fluoxetine- 
related circRNAs and mRNAs in ischemic stroke 
using high-throughput sequencing. Furthermore, 
the circRNA–miRNA–mRNA network was preli-
minarily constructed using bioinformatics analysis. 
The candidate circRNAs, mRNAs, and potential 
binding miRNAs were verified using qRT-PCR. 
Also, the binding of circRNA and miRNA was 
verified using dual-luciferase reporter assay. This 

Table 1. The primer sequences in this study.
Primer name Sequence (5ʹ-3ʹ)
chr6:106053312|106055,105-D-F ACGTGGATCTTGGAGCATACT
chr6:106053312|106055,105-D-R ATGCCGTGTTTTCAGACCAC
chr6:106053312|106055,105-C-F TCAATCGACAAGCAGGGGAC
chr6:106053312|106055105-C-R AGAAACCAGAACCCTTGCCC
chr3:94396940|94398038-D-F GATCGGCCAGTCATGTATCA
chr3:94396940|94398,038-D-R TTCCTGGAAAACACAACCGC
chr3:94396940|94398038-C-F ACTGTACCAGTGGGGAAGGT
chr3:94396940|94398038-C-R GACGTGCATACGAAGGGTGA
chr7:52258464|52258,952-D-F TGCTCATGAGAACGGGTAGT
chr7:52258464|52,258,952-D-R CCTTGTCGGGCTAAAGAGGT
chr7:52258464|52258952-C-F TCTTTAGCCCGACAAGGCAG
chr7:52258464|52258952-C-R CCCACCGGATGTGAAAGAGT
chr8:69153841|69164753-D-F AGGCCTGACATATCTACGAGAG
chr8:69,153,841|69164,753-D-R TCCTTCAACTCTCCCACCTTC
chr8:69153841|69,164753-C-F TTCACCTGGAGATCAAACCCG
chr8:69153841|69164753-C-R CACTGTAGAAGGCCCCGTAG
GAPDH-D-F TTCCACCTTTGATGCTGGGG
GAPDH-D-R ATCCGTTCACACCGACCTTC
GAPDH-C-F GCAAGAGAGAGGCCCTCAG
GAPDH-C-R TGTGAGGGAGATGCTCAGTG
Cd40-F GCAAGGAAGGGCAGCACT
Cd40-R TTGGAGAAGAATCCGACCGG
Pidd1-F CCCCAGCTTCCTACAACCTG
Pidd1-R GTCATCCCAGGTGCTTGTCA
Il1b-F GACTTCACCATGGAACCCGT
Il1b-R GGAGACTGCCCATTCTCGAC
Lbp-F CCATCACAGATGACATGTTACCG
Lbp-R GCAGGATCACAAAGCCTTCAA
rno-miR-18a-5p-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTATCT
rno-miR-18a-5p-F TAAGGTGCATCTAGTGCAG
rno-miR-135b-5p-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCACAT
rno-miR-135b-5p-F TATGGCTTTTCATTCCTAT
rno-miR-135a-5p-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCACAT
rno-miR-135a-5p-F GCCAGCGTATGGCTTTTTATTC
rno-miR-141-5p-RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCAACAC
rno-miR-141-5p-F TCCATCTTCCAGTGCAGTG
U6-F CTCGCTTCGGCAGCACA
U6-R AACGCTTCACGAATTTGCGT
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study provides a new insight into the molecular 
mechanism of fluoxetine-mediated ischemic 
stroke.

3.1. Fluoxetine markedly caused weight gained 
and reduced the cerebral infarction area in rats 
after MCAO

To estimate the effects of fluoxetine on the rat 
weight and cerebral infarction after MCAO, the 
MCAO model was successfully established in rats 
followed by fluoxetine treatment. We discovered 
that the weight was significantly reduced in rats 
after MCAO compared with those of the sham 
group. In contrast, the weight was markedly 
increased after fluoxetine treatment in rats after 
MCAO (P< 0.001, Figure 1(a)). Also, TTC staining 
showed that the cerebral infarction area was mark-
edly elevated in the MCAO model group relative 
to that in the sham group. Alternatively, this sig-
nificant elevation in rats after MCAO could be 
markedly weakened by fluoxetine treatment 
(Figure 1(b)).

3.2. Fluoxetine observably improved nerve 
function in MCAO rats

Next, we determined the influence of fluoxetine 
on the nerve function of rats after MCAO. 
Based on the Zea-Longa neurological function 

scores, we discovered that in the sham group, 
there was no observable neurological deficit (0 
score: n= 7); whereas, in the MCAO model 
group, there was a neurological deficit (while 
walking, the rats circled or tilted to the left, 2 
score: n= 4, 3 score: n= 3). Relative to the 
MCAO model group, the fluoxetine treatment 
group notably improved the neurological deficit 
scores (1 score: n= 3, 2 score: n= 4). These 
results showed that fluoxetine observably 
improved nerve function in MCAO rats.

3.3. The changes of circRNAs expression profiles 
in rat brain tissue

To further examine fluoxetine-related circRNAs 
in the brain tissue of rats after MCAO, RNA 
sequencing was used, followed by bioinfor-
matics analysis. All circRNAs numbers with 
the same back-splicing reads are shown in 
Figure 2(a). The length distribution of 
circRNAs was mainly within 1000 bp (Figure 
2(b)), and the genomic origin of circRNAs is 
from coding domain sequence and exons 
(Figure 2(c)). Furthermore, a heat and volcano 
map was used to reveal the differentially 
expressed circRNAs (|Fold Change| > 1.0) 
between the sham and MCAO groups and 
between the MCAO and fluoxetine groups 
(Figure 2(d–g)). There were 879 differentially 

Figure 1. Fluoxetine treatment caused increased weight and reduced cerebral infarction area in rats after MCAO (middle cerebral 
artery occlusion). (a) The weights of rats in each group were monitored and measured after the experiment. (b) The cerebral 
infarction area was determined using triphenyltetrazolium chloride staining on the three groups of rats. Sham: the sham group 
(n = 7), MCAO: the MCAO model group (n = 7), Fluoxetine: the fluoxetine treatment group (n = 7); ** P< 0.01, **** P< 0.0001.
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Figure 2. The expression profiles of fluoxetine-mediated circRNAs in the rats’ brain tissue after MCAO (middle cerebral artery 
occlusion). (a) The back-splicing reads in the sequences of sham, MCAO model, and fluoxetine treatment groups. (b) The length 
distribution of circRNAs. (c) The genomic origin of circRNAs. The differentially expressed circRNAs were exhibited in heat and volcano 
maps between the sham and MCAO groups (d and f). The differentially expressed circRNAs were exhibited in heat and volcano maps 
between the MCAO and fluoxetine treatment groups (e and g).

Figure 3. The expression profiles of fluoxetine-mediated mRNAs and functional analysis in the rats’ brain tissue after MCAO (middle 
cerebral artery occlusion). (a) and (c) is the heat and volcano maps of differentially expressed mRNAs between the sham and MCAO 
group. (b) and (d) is the heat and volcano maps of differentially expressed mRNAs between the MCAO and fluoxetine treatment 
groups. (e) KEGG (Kyoto Encyclopedia of Genes and Genomes) analysis was used to show the top 20 signaling pathways between 
the sham and MCAO model groups. (f) KEGG analysis was used to show the top 20 signaling pathways between the MCAO and 
fluoxetine treatment groups.
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expressed circRNAs between the sham and 
MCAO groups, of which 592 were upregulated 
and 287 were downregulated (Figure 2(d,f)). 
Compared with the MCAO group, 958 
circRNAs (|Fold Change| > 1.0) were differen-
tially expressed in the fluoxetine treatment 
group, of which 353 were upregulated and 605 
were downregulated (Figure 2(e,g)). These 
results suggest that fluoxetine changes the 
circRNAs expression in rats after MCAO.

3.4. The changes in mRNAs expression profiles in 
rat brain tissue

Also, we screened the changes of mRNAs in brain 
tissue in the sham, MCAO, and fluoxetine groups. 
As shown in Figure 3(a,c), compared with the sham 
group, there were 815 differentially expressed 
mRNAs (|Fold Change| > 1.0) in the MCAO 
group, of which 483 were upregulated and 332 
were downregulated. Compared with the MCAO 
group, there were 838 differentially expressed 
mRNAs (|Fold Change| > 1.0) in the fluoxetine 

treatment group, of which 440 were upregulated 
and 398 were downregulated (Figure 3(b,d)). 
Next, KEGG analysis was used to determine 
the top 20 enrichment pathways between the 
sham and MCAO groups, and between the 
MCAO and fluoxetine groups (Figure 3(e,f)). 
The shared signaling pathways of differentially 
expressed mRNAs between the sham and 
MCAO groups and between the MCAO and 
fluoxetine groups were neuroactive ligand– 
receptor interaction, PI3K-Akt signaling path-
way, calcium signaling pathway, CAMs, cAMP, 
and MAPK (mitogen-activated protein kinase) 
signaling pathway (Figure 3(e,f)). The above 
results revealed that fluoxetine could change 
the mRNAs expression in rats after MCAO by 
regulating different pathways.

3.5. The ceRNA regulation network of six 
circRNAs

The differential circRNAs parent gene involved in 
the NF-κB signaling pathway was selected. Then, 

Figure 4. The circRNA–miRNA–mRNA network of six candidate circRNAs.
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six circRNAs were obtained using the following 
criteria: (1) circRNA length between 450 and 
2000 bp, (2) differential circRNAs with human 
homology, (3) parental genes not located on sex 
chromosomes, (4) upregulated in the MCAO 
group compared with those in the sham group, 
and downregulated in the fluoxetine treatment 
group compared with that in the MCAO group. 
According to the prediction in RegRNA2.0, the 
circRNA–miRNA–mRNA regulation network was 
constructed by Cytoscape software (Figure 4).

3.6. Identification of screened circRNAs and 
mRNAs

We searched the references of the six selected 
circRNAs and their parent genes; four circRNAs 
related to growth and nerve were verified. The results 
showed that circMap2k1 was significantly upregu-
lated in the MCAO group compared with those in 
the sham group, which was consistent with the 
sequencing results. circHipk3, circSipa1l1, and 

circNav3 expression had no difference between the 
sham and MCAO groups, which was inconsistent 
with the sequencing results. circHipk3, circMap2k1, 
and circSipa1l1 were downregulated in the fluoxetine 
treatment group compared with those in the MCAO 
group, which was consistent with the sequencing 
results (Figure 5(a)). Then, Sanger sequencing and 
agarose gel electrophoresis were used to verify the 
circular structure of four circRNAs, and the results 
showed that the four circRNAs had a back-splicing 
structure (Figure 5(b)). Altogether, circMap2k1 is 
completely consistent with the sequencing results. In 
addition, qRT-PCR was used to detect the expression 
of four mRNAs, Cd40, Pidd1, Il1b, and LBP, in the 
circRNA–miRNA–mRNA network. The results 
showed that the expression trends of the four 
mRNAs were consistent with the sequencing results, 
in which the expression of Pidd1 had the largest 
change between the sham and MCAO groups, and 
between the MCAO and fluoxetine groups (Figure 5 
(c)). So circMap2k1 and Pidd1 were selected for 
further research.

Figure 5. The identification of the candidate circRNAs and mRNAs. (a) qRT-PCR (quantitative reverse transcriptase polymerase chain 
reaction) detected the expression of circHipk3, circMap2k1, circSipa1l1, and circNav3 in the sham, MCAO model, and fluoxetine 
treatment groups. (b) and (c) Sanger sequencing and agarose gel electrophoresis was used to verify the circular structure of 
circHipk3, circMap2k1, circSipa1l1, and circNav3. (d) qRT-PCR detected the four candidate mRNAs, Cd40 (CD40 molecule), Pidd1 (P53- 
induced death domain protein 1), Il1b (interleukin 1 beta), and LBP (lipopolysaccharide binding protein), that had competitive RNA 
effect with circRNAs circHipk3, circMap2k1, circSipa1l1, and circNav3. * P< 0.05, ** P< 0.01, ** P< 0.001, **** P< 0.0001.
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3.7. Fluoxetine might exert a protective effect on 
ischemic stroke through the circMap2k1/ 
miR-135b-5p/Pidd1 axis

Firstly, we performed qRT-PCR verification on 
miRNAs that have binding sites with circMap2k1 
and Pidd1. The results showed that in the MCAO 
group, rno-miR-135b-5p and rno-miR-141-5p 
were downregulated compared with those in the 
sham group. In the fluoxetine treatment group, 
rno-miR-18a-5p, rno-miR-135b-5p, rno-miR 
-135a-5p, and rno-miR-141-5p were significantly 
upregulated compared with those in the MCAO 
groups (Figure 6(a)). As rno-miR-135b-5p had the 
most changes between the sham and MCAO 
groups and between the MCAO and fluoxetine 
groups, we selected this miRNA for further analy-
sis. To investigate the targeting relationship 
between circMap2k1 and miR-135b-5p, 
TargetScan confirmed the binding sites of 
circMap2k1 and miR-135b-5p (Figure 6(b)). Dual- 
luciferase reporter assay showed that the luciferase 
activity of WT circMap2k1 was significantly 
decreased after cotransfection with miR-135b-5p 
mimics (Figure 6(c)). The above results indicate 
that fluoxetine participates in the protective effect 
of ischemic stroke through the circMap2k1/miR- 
135b-5p/Pidd1 axis.

4. Discussion

Cerebral ischemic stroke is a series of neurological 
defects caused by cerebral ischemia and hypoxic 
necrosis due to cerebral blood flow disorder in the 
brain [44]. Fluoxetine, with its characteristics of 
high selectivity and specificity, can significantly 
improve the serotonin levels in the presynaptic 
space of patients, has a significant antidepressant 
effect, and can greatly reduce the symptoms in 
stroke patients [45]. Previous studies have also 
shown that fluoxetine can effectively stimulate 
the motor nerves of patients, causing the spinal 
cord nerves of patients to be excited, which in turn 
can promote the recovery of patients’ nerve func-
tion [14,46]. Moreover, recent studies have also 
revealed that fluoxetine can restore neurological 
function and avoid the anti-choline effect in 
patients, thereby significantly enhancing its thera-
peutic effect [47,48]. Our study first verified that 
fluoxetine had significant reduction effects on the 
body weight of rats and on the cerebral infarction 
area in rats after MCAO.

Currently, many circRNAs have also been con-
firmed to contribute significantly to cerebral 
ischemic stroke. For instance, the knockdown of 
circHIPK2 could induce functional recovery of 
neural stem cells after ischemic stroke [49]. 

Figure 6. The effect of fluoxetine on circMap2k1/miR-135b-5p/Pidd1 axis. (a) Quantitative reverse transcriptase polymerase chain 
reaction detected miRNAs rno-miR-18a-5p, rno-miR-135b-5p, rno-miR-135a-5p, and rno-miR-141-5p that has binding sites with 
circMap2k1 and Pidd1 (P53-induced death domain protein 1). (b) TargetScan predicted the binding sites of rno-miR-135b-5p and 
circMap2k1. (c) Dual-luciferase reporter assay verified the binding of rno-miR-135b-5p and circMap2k1. ** P< 0.01, **** P< 0.0001.
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Among the circRNAs, circHECTD1 was crucial to 
the inflammation, risk, severity, and recurrence of 
ischemic stroke. It was also involved in regulating 
astrocyte activation through autophagy in 
ischemic stroke [50,51]. Alternatively, 
circDLGAP4 alleviates ischemic stroke by miR- 
143 [52], while circTLK1 could accelerate neuronal 
injury and neurological deficits by regulating miR- 
335-3p/TCDD inducible poly(ADP-Ribose) poly-
merase in ischemic stroke [53]. Our study used 
high-throughput sequencing to screen fluoxetine- 
related circRNAs with differential expression in 
rats after MCAO and found that circMap2k1 
may participate in this progress. Moreover, our 
data showed that the fluoxetine-related mRNAs 
were mainly concentrated in neuroactive ligand– 
receptor interaction, PI3K-Akt signaling pathway, 
calcium signaling pathway, CAMs, cAMP, and 
MAPK signaling pathway. These results provide 
a clue for the potential mechanism of fluoxetine 
treatment in MCAO.

In line with the annotation and differential 
expression of fluoxetine-related circRNAs and 
mRNAs that we screened, we also found that 
fluoxetine can downregulate circRNA Map2k1 
and transcriptional gene Pidd1. After bioinfor-
matics analysis, We further discovered that there 
were binding sites between circMap2k1 and miR- 
135b-5p, which were verified using dual-luciferase 
reporter assay. Previous studies have also demon-
strated that miR-135b-5p is a vital miRNA in 
regulating apoptosis [54]. miR-135b-5p overex-
pression can significantly alleviate hippocampus 
neuron damage and oxidative stress [55], and 
miR-135b-5p can also be a diagnostic marker for 
mild craniocerebral injury during exercise [56]. 
Moreover, studies have also confirmed that Pidd, 
a critical switch between NF-κB- and radiation- 
induced apoptosis, can regulate microglial activa-
tion induced by radiation [57]. In contrast, Pidd 
silencing can inhibit NF-κB activation and reduce 
inflammation, as inflammation can activate the 
microglia [58]. Therefore, we showed that fluoxe-
tine-mediated circMap2k1/miR-135b-5p/Pidd1 
axis has significant effects on cerebral ischemic 
stroke.

However, although our study provided 
a potential mechanism; more studies are needed 
to confirm that the circMap2k1/miR-135b-5p/ 

Pidd1 axis was involved in fluoxetine-mediated 
cerebral ischemic stroke in vivo and in vitro.

5. Conclusion

We proved that fluoxetine has observable alleviating 
effects on cerebral ischemic stroke; moreover, we 
showed a mass of candidate circRNAs and mRNAs 
related to fluoxetine in cerebral ischemic stroke. We 
also demonstrated a potential signal axis 
(circMap2k1/miR-135b-5p/Pidd1) in cerebral 
ischemic stroke. This study provides a potential 
clue for using fluoxetine on the clinical treatment 
of cerebral ischemic stroke. It provides basic data for 
further research on the biological functions and 
mechanisms of circRNAs and transcriptome genes 
affecting the occurrence of cerebral ischemic stroke.
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